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Sustainability of Large-Scale Algal Biofuel
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Abstract | Algal biofuels are poised to become one of the sustainable
sources of biofuels that could potentially replace petroleum derived fuels
(PDF) in an environmentally friendly and sustainable world. In many parts
of the developing world, algal biofuels as biodiesel and biomethane, like
the first generation biofuels of the recent past, will compete for prime land
as well as other water and nutrient resources currently used for providing
food security. Within India, current analyses suggest that sustainable culti-
vation of various algal species for biofuels are possible at four locations:

In paddy fields as a multi-tier crop (3.6 Mha)

Urban domestic waste water (40 billion L/d), and

a
b. In saline brackish region of Kachch (Gujarat; 3.0 Mha),
c
d

On fishery deficient seashores (c.3 Mha).

In order to realize a near complete substitution of the current level of
fossil fuels by algal biofuels, although feasible through algal biofuels, a
whole lot of decentralized algae harvesting and primary processing infra-
structure needs to be set up to ensure that algal production, processing
and resource recycling can occur with low losses and increased sustain-
ability. The coupling of energy generation with wastewater treatment and
consequent nutrient uptake addresses the issues of environment, low
emissions, biofuel production and therefore long term sustainability. This
paper brings out challenges in the areas of sustainability and sustainable
development that are likely to emerge in the three tracts where large scale
algal cutivation and processing is feasible.
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1 Introduction
1.1 Need and justification for algal
biofuels

In a rapidly urbanizing country, coupled with
an ever increasing demand for transport and
mobility, the demand for petroleum derived fuels
(PDF) has increased, greatly to reach an annual
requirement of over 150 Mt_'* (Figures 1 and 2)
for which sustainable fuel options and alternatives
are required. Globally the search for replacements
for PDF has also increased and biofuels such as
bioethanol, biodiesel, etc. derived from terrestrial

non-edible crops have emerged as short term solu-
tions, however, they carry significant sustainability
issues coupled to their use.” PDF are considered
non-sustainable due to their inherent nature of
increasing emissions of green house gases (GHG).*
Therefore plant derived biofuels are considered
renewable because no net emissions of GHG is
expected to take place during their production and
use, and therefore they are considered C-neutral.
Biofuels derived from terrestrial edible and non-
edible oilseeds have been used as C-neutral fuels
however, they compete for scarce land area with
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Figure 1: Source-wise distribution of typical fossil
fuel derived energy supply in India (Adapted from

Technical Note on Energy, Planning Commission,
Govt. of India, 1998-1999).
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Figure 2: Crude oil consumption in India® with

data projected beyond 2007 using a 5.5% annual
growth rate.

food crops, especially in many developing coun-
tries and therefore their widespread use is con-
sidered non-sustainable and a threat to food
security.” Many algae are known to accumulate
several types of lipids to the tune of 60% by dry
weight®” and are now considered as a promising
alternative to PDE?® These algal lipids are in turn
potentially convertible to more usable liquid
fuels—most attractive route among them is the
transesterification of the triacyl glycerols (TAG) to
algal biodiesel.’ Algae, like most terrestrial plants,
use CO, for their photosynthesis'® and have there-
fore been considered as ideal candidates for CO,
capture.! Algae can grow well on several types
of less desirable sources of water,'"” including
domestic and industrial wastewaters,'*" saline
and brackish waters,'® sea water,"” etc., because of
which they are considered as approaches that will
not threaten food security of the region.

The process of development in most
developing countries has come to depend strongly
upon various forms of PDE and upholds the
rapid pace of development. Urban transport
system has become increasingly dependent upon
PDE' and agricultural practices have become

very highly mechanized and PDF dependent,’
all of which require PDF in increasing quantities.
This dependence is expected to rise further and
remain at a high level because of a greater need
for mobility.” Hydrocarbon based fuels are the
key drivers of such a developing economy. The
annual crude oil consumption has been increasing
gradually from about 90 M __ (1998) to about
156 M, . (Figures 1 and 2). Within India, oil and
gas as fuels are considered as the major drivers in
national development wherein 45% of the total
energy needs are met by oil and gas sources.’

1.2 Sustainability-domains, manifestion
and possible management with algal
biofuels

1.2.1 Land area needed, productivity esti-

mates—advantages over non-edible oilseed

crops: Cultivation of algae is considered much
more remunerative in terms of oil yields com-
pared to an oilseed crop grown on land because
of many advantages the algal system possesses.

Firstly, in most terrestrial crops, the crop plants

have only a small part of the overall plant that is

economically useful for oil extraction, namely the
seed.”” In general the oilseed forms only 20% of

the total weight of the crop, e.g. groundnut. In a

typical algal species the entire cell mass is harvested

for oil extraction. Second, the growth period for
algae between the time it is seeded till the time it
achieves maximum plant density is only a week or
less,”! however, in a field crop the growth phase
could be as large as 60 to 75 d. Only after this does
the crop plant begin to accumulate biomass in the
seeds, especially the oil. Finally, by altering some
of the growth conditions, it is possible to have a
year round crop of algae—this is something very
difficult in most crops except sugarcane. In many
algal species, there is a promise of accumulation
of useful lipids up to a high value of 70%.%* Thus
even if one considers a moderate growth rate of

10 g/m*d, the potentially harvestable algal bio-

mass is about 36 t/ha/yr whereas most field crop

achieve a fifth to a third of such yields.

It is often stated that the cultivation of algae
does not need prime agricultural land and will
therefore not compete with food crops.”? Many
studies have been carried out to show that arid and
desert like regions that are usually not conducive to
crop cultivation can now be used for algal biofuel
production.” Further, by the use of easily available
brackish and saline waters in such regions, these
water that are unfit for terrestrial crops can be
used for algal cultivation and therefore will not
compete with local agriculture or water needs.
Thus it is possible to raise algae derived bio-fuels
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(ADBF) without threats to food security. A popular
illustration of this is the often cited example that in
the US, using merely 0.49% of land area of US in
Arizona and its brackish water, all the PDF needs of
USA could be met through raising algae and con-
verting it to ADBE" Similarly, the use of marine
and salt tolerant algal species makes cultivation
in open seas possible without affecting land based
food security issues.”* In India too there is large
wasteland estimated to be around 60 Mha along
with saline areas, salt affected areas as well as
cropped areas where a second crop is possible but
not practiced. This needs to be examined in order
to determine the suitable areas for cultivation of
algae and production of algal biofuels as well as
their sufficiency to meet current and future biofuel
needs. While a lot of research effort and reviews
have been brought out on the research leading to
improved algal biofuel production capability in
terms of various forms of photo-bioreactors as
well as genomic and meta-genomic approaches to
increased lipid accumulation in algal species, there
is little by way of addressing the likely sustainability
issues that will emerge should the world rapidly
switch to algal biofuels. The key domains that will
need to answer sustainability criteria are

a. The possible locations where algae will be
cultivated without affecting food security of
the region

b. Sustainable methods to meet various process
inputs such as water, nutrients

c. Practices that ensure recycling of all nutrients
so as to minimize losses and additional fossil
fuel use

d. Approaches that minimize the C-footprint
of the overall system and biofuel produc-

tion, processing, distribution and final end-
use'6—8,12—15,21—25

1.2.2 Plant nutrition required for algal biofuel
cultivation: Just as crop plants are provided fer-
tilizers to supplement shortages of plant nutrients
in the growing environment, the soil, algae culti-
vation too requires supplementary plant nutrients
that are unlikely to be available in the water source
on which algae are being raised (with few excep-
tions). These nutrients are commonly represented
as N, P, K as well as other macro and micro nutri-
ents. Research reports suggest that between 0.3—
0.5 kg N, 0.1 kg P and 0.1 kg K to 0.33 kg N, 0.71
and 0.58 kg P and K7, respecitively are needed
to produce 1 kg algal biocrude (lipid). When we
attempt to substitute the current crude consump-
tion in India at 150 M, crude/yr, the nutrients
needed to produce algal biofuels would be 80,
16 and 16 Mt of N, P and K, respectively. Even
if we consider that the efficiency of the fertilizer
use would be as high as 50% in such an aquatic
environment, the annual additional NPK needs
at the national level would be 160, 32 and 32 Mt
respectively. Under conventional understanding
of additional algae cultivation this would mean an
additional burden to the current levels of fertiliz-
ers provided (significantly subsidized). When we
consider that today about Rs.1.2 trillion (extrapo-
lated and adapted from GOI, 2009),?%* is the cur-
rent level of subsidy being provided for fertilizers,
the additional subsidy burden would simply be
double the current levels. The fertilizer subsidy
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Figure 3: Fertilizer subsidies in India (GOI, 2009).
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growth rate had leaped significantly (28%) during
2000’s as against 13% percent during the 1990s as
international prices of fertilizers and raw materi-
als, feedstocks and intermediates have increased
dramatically during the last couple of years.”*”!
Further, because N-fertilizers are manufactured
from fossil fuels such as naptha or natural gas, this
additional need for N and other fertilizers to raise
algae for biofuels will greatly increase the already
high level of fossil fuel dependence. Thus to raise
algae in India, other sustainable alternatives that
do not need constant use of fossil fuel dependent
manufactured N needs to be found.

1.2.3 Water required for algal biofuel cultiva-
tion: Algae need to be cultivated in photobiore-
actors, or less complex systems such as race-ways
and open ponds. All these require large quantities
of water. Open surfaces of water in an arid, semi-
arid or even sub-humid climatic region would lose
water through evaporation losses, and the water
lost needs to be replenished daily to ensure that
the water levels in the cultivation pond (or similar
device) remain at the required level. This means that
in all algal ponds or bioreactors, water would be lost
to evaporation or cooling to ensure the operating
temperature is appropriate, and a certain mass of
water needs to be sacrificed for algal biomass pro-
duction measured as litres of water that is irretriev-
ably lost or sacrificed for each kg of algal biomass
produced (or for each kg of algal crude produced).
From various reports of algal productivity and
normal evaporation from open surfaces it could
be surmised that generally, at an algal productivity
of 10 g dry matter/m*/d and an evaporation rate
of 5-10 mm/d from open water surfaces, the water
lost per kg of algal dry matter produced could be
between 500-1000 L. In various warm countries
such as India, the annual precipitation measured
as annual rainfall in mm is much lower than the
potential annual evaporation (as mm/year). Sus-
tainability approaches then dictate that water lost
(or sacrificed) as evaporation in algal cultivation
should not exceed annual rainfall for that location.
This in turn suggests that algal cultivation can be
practiced for a period where the cumulative water
loss does not exceed the total annual precipitation.
Therefore, the period for which there is potential
to ensure that the water lost by evaporation is less
than the annual rainfall could vary between 60 d to
270 d. This component is further complicated by
the fact that there is very little land area available
which does not compete with crop cultivation and
algae production and can be considered only after
a crop is cultivated in the particular area. Sustain-
ability considerations also dictate that algae cannot

be cultivated in dry areas, and only in reasonably
wet areas where water availability-either as rain-
fall or as artificially accessed through other means,
exceeds the evaporation loss on an annual basis can
be used. All these issues are discussed later on in
this paper.

1.2.4 Cultivation technology and sophistica-
tion: Photobioreactor Vs Open Ponds: Cultiva-
tion systems being used for microalgae are mainly
open ponds and closed photo bioreactors (PBR).
Open pond cultivation systems could be natural
(lakes, lagoon, and ponds) or engineered (raceway,
circular). Raceway type open pond systems are
primarily used for industrial scale cultivation of
microalgae. They are usually built in concrete and
operated at water depths of 15-20 cm.** The open
pond cultivation systems are relatively cheaper
to construct and can be constructed in non agri-
cultural or waste lands. The cost of construction
could be significantly reduced by building plastic
lined compact earthen raceway ponds and such
low cost ponds may be suitable for production of
microalgal biomass for biofuel applications.

Economic feasibility of open outdoor race-
way ponds is well established for the cultivation
of extremophiles viz., Spirulina (high pH) and
Dunaliella (high salinity) which are generally
protected from other competing algal species and
predators and all the harvested algal biomass is
used as such for food/feed/nutraceutical applica-
tions. From such algal biomass high value prod-
ucts like B- carotene, phycocyanin, etc. can be
extracted. Large scale open raceway ponds for
production of Spirulina and Dunaliella are in
operation in various parts of the world including
India. Mass cultivation of algae in India dates back
to raceway pond cultivation of Spirulina for food
and essential metabolites.

A large number of fresh water and marine
microalgae are being identified for biofuel produc-
tion based on their lipid content” and Botryococcus
sp. for hydrocarbon content.® However, the cultiva-
tionmethodologiesareyetto be established for their
economic feasibility as cultivation of microalgae
for lipid/hydrocarbon production involves various
other integrated aspects such as cultivation under
stress to facilitate lipid/hydrocarbon enhance-
ment, ease of harvesting, dewatering, drying, lipid/
hydrocarbon extraction and utilization of spent
biomass. A major challenge in operating an open
pond cultivation system is the maintenance of the
algal species of interest. Being open, the ponds are
prone to contamination by other competing algal
species which threaten the dominance of the spe-
cies of interest. One such unicelluar alga competing
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with Spirulina in open outdoor ponds has been
discussed.”** Application of open pond systems
for cultivation of other algal species, especially for
fresh water species, require robust pond manage-
ment protocol in order to sustain the dominance
of cultivated species and protecting it against other
competing algal species. One of the approaches
successfully used with Botryococcus was to adapt
the alga to salinity.”® Nutrient manipulation in
growth medium is another approach to maintain
the single algal culture. Microalgae are also prone
to infestation and grazing by predators like rotif-
ers and protozoans. Infestation with algal graz-
ers adversely affects the algal productivities and
leads to loss of algal biomass and this aspect has
remained largely un-addressed. These challenges
although appears formidable, could be overcome
by selecting robust algal strains, adaptation of the
selected strains to environmental changes and
developing strain specific cultivation protocols as
discussed in the subsequent sections.

Closed photobioreactor systems are being
used for cultivation of microalgal species for
the production of high value products. Closed
photobioreactors have been discussed for
theoretical advantages in terms of protection
from contamination, attaining higher cell
culture densities and facilitating better control
over physico-chemical conditions e.g., light and
temperature.”® Various designs of photobioreac-
tors have been discussed’*® and tubular, flat plate,
airlift tubular and bubble column reactors are the
commonly used closed photobioreactor designs
(Figure 4). As per the reports available in litera-
ture, the largest closed tubular photobioreactor
is the 25 m’ plant of Mera Pharmaceuticals,
Hawaii***” and 700 m’ plant in Klotze, Germany."
Haematococcus sp. appears to be only micro-
algae currently being grown at commercial scale

using closed photobioreactor. The cost of closed
photobioreactos is significantly higher than open
ponds and is difficult to scale up. Reports on bio-
mass productivity of other microalgae with photo-
bioreactor systems are largely based on laboratory
studies as currently the relatively high construction
and operating costs, and complexity of operation
of closed PBRs limit their large-scale commer-
cialization.” There are no reports available on
large scale commercial production of microalgae
in India using closed photobioreactors. Some of
the other challenges faced with closed PBRs are
temperature control, shear stress, fouling, gradi-
ents of pH, dissoloved oxygen and CO, along the
tubes, and sticky growth on walls hampering the
light penetration. The prevailing opinion is that
closed PBRs alone may be incapable of cost effec-
tive production of microalgal biomass for biofuel
production. However, they may be used in a two
phase production process where contaminant free
inocula for large scale open raceway ponds are
generated using closed PBRs.**”

Based on net energy ratio (NER) analyses of
closed photobioreactors and open pond systems
of microalgal production, Huesemann and
Benemann® reported the raceway ponds to be the
only economically feasible process as it showed
NER of >1. A later study corroborated with these
findings* for open raceway ponds and also reported
NER of >1 for flat-plate PBRs, thus considering both
the systems as economically feasible. However, the
horizontal tubular photobioreactors were consid-
ered economically unviable owing to NER of <1.*

Mass cultivation of algae in India dates back
to raceway pond based cultivation of Spirulina
for food and essential metabolites for humans**¢
(cyanophycean species). Studies involving the
growth of the oilagenous algae Botryococcus
mahabali in raceway ponds yeilded productivities

Figure 4: Schematic diagrams of three types of closed bioreactors.
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of 1.0-1.5 g/L with total hydrocarbon content
of 14%" and 9 g/m*/d (unpublished data), and
also provided long chain fatty acids*® (C21-C23).
In another case fat content of 22% (w/w), with
palmitic and oleic as major fatty acids,*” has been
achieved. A synthetic media with 16:8 h light-
dark cycle gave 33-46% hydrocarbon.”® Opti-
mum concentrations of mineral nutrition such
as dihydrogen potassium phosphate, potassium
nitrate, magnesium sulphate and ferric citrate
increase biomass up to 0.65 g/L with 50.6% (w/w)
hydrocarbon in 30 d.”' Studies carried out on algal
growth in wastewater treatment systems of Mysore
and Bangalore reveal biomass productivities of
9.15-12.6 g/m?*/d (unpublished CST, study).

1.2.5 Centralized vs decentralized; ancillary
technology needs and readiness: Considering
the large requirement of biofuels, the cultivation
of algae is expected to be spread over a very large
cultivation area, with productivity in the range of
10-36 t/ha/yr under field conditions,”** the culti-
vation area will be spread over millions of hectares.
As discussed later, a large part of the cultivation
would be potentially feasible for a period about
30-60 d in various paddy plots. Such a decentral-
ized production also requires that the harvested
algae be collected, transported and processed in a
decentralized manner for extraction of algal crude,
biofuel residue and nutrient rich digestate. This is
because the wet algae harvested from paddy plots
will usually have a low shelf life and needs to be
processed immediately, and is best done at the vil-
lage scale itself. Thus all the technologies related
to post-harvest processing of algae is likely to be
anchored in a decentralized manner—and in India
at a village level. Such decentralized processing is,
therefore, expected to produce a significant level
of decentralized wastes in the biofuel extraction
and bioresidue processing steps for which a whole
lot of ancillary technologies that are capable of

a. Extracting algal crude at village level,

b. Conversion of biofuel residue to biogas at the
village level and

c. Conserve recyclable nutrients recovered from
processed algae and retained in a form that is
either immediately, used on paddy lands or
preserved till the next cropping season.

Such technologies are required to be ready and
deployed before the overall algal biofuel efforts
are disseminated. This approach is expected to
produce a significant surplus of biomethane from
the algal biofuel extraction residue. There is then
aneed to either use the produced biogas locally or

inject it into a natural gas grid after the necessary
conditioning. Such a grid does not exist today, but
needs to be created soon, without which the fuel
value of the gas cannot be realized in a widespread
manner or appropriate remuneration achievable
to the algal biofuel (biogas) producers. Much of
all these strategies require that a significant part of
the algal processing to be carried out in a decen-
tralized manner and necessary infrastructure
therefore needs to be evolved.

There is a likelihood that there are only a
few locations in India where large cultivation
ponds and centralized processing of algal crude
and its extraction can be carried out to achieve
an economic scale of operation. Success of algal
biofuel in India will therefore depend upon a large
segment of decentralized production, extraction
and pre-processing of algal crude, and retaining it
in a state that could be converted to immediately
usable biofuels at a decentralized manner. The
sustainability issues related to this is discussed in
later section.

1.2.6 Potential for secondary wastes
generation: The dried algal biomass can be used
directly without much processing for either energy
generation by direct burning or lipids can be
extracted to produce algal crude, which can then be
transesterified and used as biodiesel.?! In this lat-
ter case the biomass residue left after lipid extrac-
tion, i.e., spent biomass generated is ~60%. This
biomass generally comprises of the cell wall mate-
rials along with the cell constituents. This fraction
can be fed to anaerobic digesters (AD) from which
a large quantum of biogas may be generated on
a daily basis. The digested slurry or effluent from
the biogas plant that is discharged after AD is a
nutrient rich liquid with very high N and P con-
tent that can then be applied to the agricultural
lands (paddy) to achieve increased productivi-
ties. This in turn significantly reduces the burden
of synthetic fertilizer needed to the agricultural
lands. Such a form of organic nutrient addition to
the crop is expected to have lower losses, reducing
free nutrients being lost into the standing water
in the paddy plot, that later may be lost from the
system by other routes. Large extent of losses can
cause eutrophication in the nearby receiving water
bodies. Another promising route to utilize spent
algal biomass is to ferment it to bioethanol. These
secondary wastes generated can be very actively
converted into utilisable feedstocks for biofuel
generation and this process aids in energy co-
generation that increases the adaptability of the
approach to finally make the overall process much
more sustainable. Such biorefinery practices would
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result in the rejuvenation of the zero waste culture,
providing value added byproducts rather than
waste—making the overall process, economically,
socially and environmentally sustainable—a trait
that is normally found in subsistence agricullture
and traditional rural lifestyles.

1.2.7 Creating C-neutrality and negativity:
The large scale use of fossil fuels to lead the
development process as well as its increasing
share in the development process necessitates
its substitution by environmentally benign and
C-neutral energy sources/fuels that do not create
a net increase in GHG production. Sequestering
large quantities of C can offset the increasing
level of CO, production while allowing ‘green
development’ processes. By sequestering additional
levels of CO,, this approach allows the continued
use of fossil fuel at current rates of usage on one
hand, and on the other it even allows some level of
short term increase in fossil fuel energy use with an
expected complete replacement by such biofuels.
To achieve such a C-neutrality there is a need to
increase the extent of CO, sequestered (in this case
into algae) as well as to minimize the dependence
on fossil fuel use, thereby fostering environmental
as well as economic sustainability.”>**'** When
a need arises among various countries to reduce
their GHG emissions and C-footprints, an
important method would be to reduce the share
of fossil fuels with a simultaneously adopted
practice of C sequestration. In such an eventuality,
biofuels become an important option. When
the share of biofuels in the overall mix of fuels
increases, biofuels can be considered as C-neutral
and sometimes even C-negative that can play
a critical role in meeting the energy targets to
replace PDF transportation fuels.® Liquid fuels
used in transport sector can directly be replaced
by these clean C-neutral biofuels such as algal
biodiesel.?**** In recent years, there has been
increased usage of liquid biofuel in the transport

sector because of various policies to safeguard
energy security and mitigate GHG emissions.”
There have been many experiments and attempts
to replace conventional fossil fuels in trains, buses
and personal vehicles. These vehicles have been
run on biodiesel as a move to be C-neutral.

2 Towards Sustainable Large-scale
Cultivation of Algal Biofuels + the
Indian Experience

2.1 Laboratory cultivation and stock

culture maintenance, performance
deterioration

Algal stock cultures are maintained in agar slants

as well as in liquid culture in high salt strength

medium at low temperature and low light to
facilitate longer periods of sustained growth.

Microalgal growth and metabolite production

is influenced by different media constituents.

Prolonged culturing of an alga in a maintenance

medium affects the productivity of the organisms

and a separate production medium is required
for large scale cultivation to obtain higher growth
rate and productivities, e.g., Haematococcus,

Spirulina (unpublished data). Therefore it is

advisable to optimize growth and production

conditions separately for enhancing biomass and
desired metabolite, including hydrocarbons.>"6>-%

Designing and economizing of cultivation

media is an important part of development of a

process for outdoor cultivation of microalgae.

The designed media should impart the growth

nutrients to the microalga at a lower cost and thus

has to be simple. CFTRI has designed and devel-
oped one such medium for large scale cultivation
of Spirulina, referred to as CFTRI medium.*

2.2 Performance and problems of open
raceway pond cultivation

Outdoor open pond cultivation studies with

microalgae have been carried out at CFTRI in cir-

cular and raceway ponds (Figures 5 and 6).

Figure 5: Outdoor open pond systems for microalgal cultivation (a) Circular Pond (b) Raceway Pond
(c) Scale up raceway pond. Open outdoor raceway ponds have been used in many commercial production
facilities in India.”
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Motor

Figure 6: Schematic layout of a typical raceway pond. The salient features are i.depth 30 cm; operating
depth 15 cm; Number of paddle units 1 or 2; rpm of paddles 23-36; Flow rate 50 cm/sec.

For Scenedesmus and Spirulina, biomass yields
of microalgae in open raceway ponds at CFTRI,
Mysore, were in the range of 15-20 g/m*d and
8-12 g/m?/d, respectively.* In a study carried out
with Botryococcus strain in 5000 L raceway pond,
the biomass yield was 9 g/m?/day with hydrocarbon
content in the range of 15-20%. Based on this data
considering 300 working days, a biomass yield of
10 tonnes could be obtained per acre with hydro-
carbon yield of 1500 kg. Algal hydrocarbon does
not need transesterification. Although the yield
per acre are comparable with Jatropha,* the cost of
production of biomass is higher in the case of algal
biomass. In our recent trials with indigenous lipid
and hydrocarbon containing algae, the yields in
outdoor ponds have been in the range of 5-9 g/m?*/d
(unpublished data). Therefore the selection of
robust microalgae with innovations in cultivation
systems is necessary to achieve higher productivi-
ties and make the process economically viable.

Microalgal cultivation in open raceway ponds
is prone to seasonal variations. During summer,
intense sunlight may cause damage to photosystem
in the algal species leading to photoinhibition
and photobleaching. Similarly during rainy
season, the cell densities in pond cultures tend
to get diluted whereas during peak winter season
algal growth and productivity is often adversely
affected due to lower temperatures and shortening
of day light hours. Due to these adverse effects of
seasonal variations, the selection of location of
open raceway ponds is an important factor to
ensure continuous production and locations with
moderate climatic conditions are therefore pre-
ferred. Photo-bleaching of algae can be minimized
by managing the culture depth in the pond and
ponds could also be provided with cost effective
sun screens, shade nets and greenhouse struc-
ture to protect the culture against high light
intensity, heavy rain and heat loss during rainy and

winter seasons respectively. Year long cultivation
of Botryococcus sp. could be achieved in outdoor
raceway ponds at CFTRI by taking these protec-
tive measures.** These solutions though effective
at small to pilot scales of operation, need to be
evaluated for their economic viability at large scale
implementation to increase the number of days of
operation in a year.

Microalgae can fix CO, from three different
sources viz., CO, from atmosphere, CO, in dis-
charge gases from heavy industry and CO, from
soluble carbonates.®® Most microalgae are able to
tolerate and utilise subtantially higher levels of
CO, than what is available in atmosphere, i.e. 300—
400 ppm,®”** and supply of external CO, leads to
enhancement of algal biomass production. There-
fore, microalgae cultivation systems combined
with external CO, sources such as flue gases from
thermal power plants could serve as an effective
CO, sequestration system with enhanced biomass
productivities. However, devising an effective sys-
tem of introduction of CO, to algal culture and
ensuring an efficient gas transfer are important
aspects and discussion on these lines are limited in
the available literature. These aspects become even
more critical in the case of open pond cultivation
systems which are open to atmosphere and there-
fore prone to loss of CO, injected from external
sources. Laboratory studies using floats have been
carried out to supply CO, to Haematococcus*"*
in the form of bubbling air mixed with CO, and
bicarbonate to Botryococcus.

Although biofuel production from microalgae
in outdoor ponds currently appears to be a difficult
task, a steady pursual of challenges and the emerg-
ing innovations in pond design as well as efforts
towards media optimization, understanding of
physiology and chemistry of microalga, single and
two phase algal cultivation methods for higher
accumulationoflipids,improvementsinharvesting
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techniques with recycling of nutrients, dewatering
and drying of biomass and extraction methods
for algal lipids and hydrocarbons, are required to
establish a technically feasible and economically
viable outdoor cultivation system for microalgae
to produce biofuel. Further, even though there are
several technical and economic challenges in scal-
ing up and operating closed photobioreactors at
a large scale in India, the tropical weather, bright
and long sunshine hours along with the vast coast
line, the outdoor open pond system appears to be
the viable option. In many parts of India (such
as parts of Tamil Nadu, Karnataka, Maharashtra,
etc), a year round cultivation of alga, especially of
Spirulina, has already been achieved and this pro-
vides a good starting point for future work in large
scale production. A hybrid system combining
both the photobioreactor and open pond system
may also be explored—photobioreactors provide
quality and pure algal cultures needed for start up
inoculum for decentralized units while open pond
systems provide simplicity for decentralized cul-
tivation. This concept has been tested in a small
scale. A laboratory scale study was carried out for
Haematococcus sp grown in closed photobiore-
actor and then accumulation of astaxanthin was
achieved in small open raceway pond.*'
Atwophase cultivation process may be required
for production of lipid rich microalgal biomass as
microalgae accumulate lipids under nutrient lim-
iting and salinity stress conditions. Therefore, in
first phase microalgal biomass needs to be raised
rapidly under abundant nutrition using a nutri-
ent sufficient growth medium and later the algal
biomass needs to be shifted to a growth situa-
tion involving nutrient stress and C-surplus to
encourage accumulation of lipids. This scheme
also requires efficient harvesting method with
recycling of nutrients for continuous cultivation
without affecting the growth of the algal cells.
Harvesting methods by auto flocculation and floc-
culation with natural flocculants gave encourag-
ing results with unicellular fresh water microalgae
and allowed recycling of nutrients under labora-
tory conditions (unpublished CST data).
Cultivation of photosynthetic microalgal bio-
mass for biofuel purpose (under situations and
locations indicated later) is considered environ-
mental friendly and does not compete with food
crops for fertile agricultural land unlike other bio-
fuel crops. In addition, an integrated approach of
using flue gas emissions with wastewater based cul-
tivation media for algal biomass and value addition
to spent biomass after recovery of lipid/biofuel is
expected to make the overall process cost effective
and environmentally sustainable. The decentralized

nature of the proposed large-scale cultivation by
various farmers as a second or multi-tier crop along
with paddy is expected to provide empowerment
and additional livelihoods to a large number of
farmers—thereby providing economic and social
components of sustainability (not discussed in the
paper). The use of wastewater and industrial efflu-
ents could have growth and productivity enhanc-
ing effects on microalgae as reported for Spirulina
grown in outdoor ponds with addition of euca-
lyptus Kraft black liquor, (generated in the paper
manufacturing process during pulping of eucalyp-
tus wood).”®”! The use of domestic and industrial
wastewaters for algal growth leads to an avoidance
of GHG emissions, and thereby is expected to make
the overall system C-negative or C-neutral and
needs to be be demonstrated adequately.

3 Review of Potential and Sustainable
Options for India

Sustainable technologies and definition of
sustainable technologies normally refer to the
triple bottom-line of environmental, social and
economic components of sustainability. Thus
while reviewing sustainability, needless to
specify, a region, a people and an economic
regime is already subsumed. Thus in order to
discuss sustainability, in this case we refer to the
geographical area, environmental issues and
peoples of India so that the review could be
reasonably precise and well grounded.

3.1 Climatic conditions and areas
suitable for sustainable algal
cultivation based on water
availability

Algae are sensitive to the growth conditions includ-
ing those influenced by climate and weather. While
nutrient status of the water could be ‘managed,
issues such as light intensity, water temperature,
evaporation loss from the algal pond surface are
influenced by climate.”” For example, although a
place like Rajasthan in India could support year
round cultivation of algae, the water lost in the
process will be too heavy a price to pay and would
be uneconomic. Suitable regions within India where
algae could be cultivated without too much damage
to environment or resource overuse are discussed.

3.2 Land area needed, productivity
estimates—advantages over
non-edible oilseed crops

3.2.1 Many attempts have been made earlier to

show that a large scale shift to biofuels is possible

by firstly cultivating woody biomass on wastelands
and using secondary fuels from woody biomass
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for energy and/or carbon sequestration. A few of
these studies indicate that out of a total land area
of 328 Mha about 160 million is cultivated for var-
ious crops. About 60 Mha is not cultivated and is
considered as usable wastelands.”” However, much
of these wastelands generally occur in areas which
are under climate based classification considered
dry and deficient in soil moisture and soil mois-
ture holding capability. Also there are no sources of
non-agricultural water, as has been visualized for
other countries, e.g. US suggests the use of brack-
ish water for cultivation of algae.” In most of the
developing countries availability of cultivable land
for alternative uses are low and such potentially
cultivable lands generally have a lot of competing
uses and are therefore difficult to be allocated to
growing algal biofuels without concomitant threat
to food security. In the case of wastelands most of
such land is ‘wasted’ either because of extreme lev-
els of soil erosion and neglect or because of a hos-
tile arid climate. Such observations suggest that it
is necessary to find ways by which algal cultivation
can be carried out on cultivable land in the same
manner and strategy as is done in multiple crop-
ping or multi-tier cropping, and build on the pre-
vious experience of growing blue-green algae in
paddy crop land.”*”” This enables the same piece
of land to be used both for crop cultivation as well
as for algal biofuel production ensuring that these
do not compete with each other or conflict with
sustainability and sustainable development goals.

3.2.2 A single large tract of land in the Rann of
Kutch area (about 3 Mha) occurs as highly salt-
encrusted basin in which land is partially covered
by a sparse vegetative cover (predominantly by a
single bush species, Prosopis sp.). There is also a
very low density of human population and even
lower numbers of people living off the land.
The area receives very low rainfall and the soil
is highly saline and ground water is much more
saline than the sea. As the terrain is flat and is only
marginally above the sea level, this large stretch
of land therefore makes an excellent low cost and
non-competitive land resource on which several
marine and halo-tolerant, oilagenous algal species
can be cultivated. Much of this land is unfit to sup-
port common field crops and its use for algal bio-
fuels will not pose any threat to food security. The
region is however endemic to a few animals, and
alternative habitats nearby or migratory corridors
need to be addressed after appropriate studies.
The Greater Rann and the Little Rann are occa-
sionally flooded and they support large numbers
of algal species.”® However, there is little informa-
tion about the potential of these algal species for

use for algal biofuel production. Thus an area of
3 Mha may be considered as potentially available
throughout the year for algal cultivation using
seawater pumped from the sea nearby.

3.2.3 The high salinity found at Kutch could
also be used to facilitate growing select halotore-
ant algae. Such extreme conditions are favourable
to the cultivation of a wide variety of oilagenous
algae. Many algal species are capable of growth in
such extreme conditions accompanied by brack-
ish and highly saline waters of the Kutch region
in the Western India. This is a geographically
unique landscape that was once an arm of the
Arabian Sea and the sea bed has risen to hold on
a hyper-saline ground water. Today as the land
is separated from the sea by geological forces; it
has become a vast, featureless plain encrusted
with salt that is inundated with water during the
scant rains (100-250 mm/yr). This geographi-
cal area of 3 Mha is resplendent with numerous
halotolerant algal species that are generally associ-
ated with deserts or highly saline waters. Primary
productivity of the salt regions inundated with
saline waters show a rate of production ranging
from 7.1-34.7 mg C/m*/h in the regions of Bedi,
Okha and Kutch.” Several micro and macroalgae
have been identified in these areas. Total algal spe-
cies observed in the Kutch region add up to 174,
out of which 52 are green algae, 79 red algae, 40
brown algae and 3 blue-green algae (BGA).* The
most common algae observed are Cladophora
sp., Enteromorpha sp., Ulva sp., Colpomenia sp.
Dictyota sp., Centroceras sp., Cantenalla sp. and
Compsopogon sp.t#2 All these observations go out
to say that large scale algal cultivation is feasible
and if other issues are resolved, many of the local
species adapted to the area could themselves be
deployed greatly reducing adaptation time if new
specifes were to be tried.

3.2.4 There are few studies on the growth and
productivities of the marine phytoplankton and
their potential for biofuel generation under Indian
conditions. Earlier studies have addressed to some
extent, the C capture ability of marine planktonic
microalgae as Nannochloropsis  salina and
Isochrysis galbana as well as macroalge Gracilaria
corticata, Sargassum polycystum and Ulva lactuca
under laboratory conditions.*” The biomass pro-
ductivities of large brown algae (e.g. Macrocystis,
Laminaria, Ecllonia, Sargassum) that are com-
monly found near the Indian coast range from
3.3-11.3 kg/m*/yr on a dry wt. basis averaging
~73 t/ha/yr.** The seaweeds upon cultivation
shows promising productivities and yields for
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Laminaria japonica cultivation, for example for
a 7 month growing season amounted to >150 t/
ha during the cultivation period.* Marine algal
growth and productivity studies in the Hawaian
Islands have showed a very high potential of mac-
roalgal productivities in the range of 100-150 t/
ha/yr when cultivated in different bioreactors.*
In Denmark the annual production of macroalgal
biomass in Fjord area was ~10 t/ha (1991). These
macroalgal species were efficient in the removal of
nutrients, i.e. 56% N removal (448 t) and 40% of
P removal (56t) that originated from a wastewater
discarded into the Fjord region during 1985 and
had potentially large content of harvestable ener-
gy.® Similarly the Venice lagoon in Italy (50,000
ha) has been estimated to receive a substantial vol-
ume of urban wastewater, agricultural run-off and
coolant water discharged from power plants—all
of which are known to carry with them various
loads of algal nutrients. This is reported to cause
an increase in the annual bio-productivities start-
ing from 120t (1946) to 1700t dry wt. (1985).
Other estimates suggest a potential 1 million t/yr
dry wt. from this lagoon.®

3.2.5 Commercial cultivation of macro-algae
is also being carried out in India. Kappaphacus
alvarezii, that originated in Philippines in 1960%
is now being cultivated in Mandapam, South
India.® It is also cultivated on a large scale in
countries such as Japan, Indonesia, Tanzania, Fiji,
Kiribati, Hawaii South Africa and India.* Today
its cultivation is gradually increasingly especially
around Rameshwaram and other coastal areas
where Kappaphycus alvarezii is being convention-
ally grown on bamboo raft systems in calm and
shallow waters of the Indian coast as shown in
Figure 7. These coastal integrative approaches for

algal (sea weed) (Figure 8) cultivation are meant
to withstand offshore conditions and for potential
expansion of seaweed cultivation to spread over
the rest of coastal India. Such cultivation in areas
of poor fisheries would bring in new sources of
livelihoods. Designs of such growth and attach-
ment platforms comprise of flexible elements that
enable the structure to change shape to adapt to
the expected wave contours. Many designs for
algal attachments have been tried among them
the multi triangle network systems have worked
out well. The basic unit of the structure consists of
a triangular bamboo unit and several such trian-
gles can be attached to each other to form a large
flexible structure that makes the design inherently
scaleable. The traditional bamboo raft cultivation
methods that use 3 m by 3 m rafts yield ~250 kg
of fresh weight of seaweed in 45 days (Figure 9).
Assuming an initial seed mass as 60 kg seaweed
and considering 6 harvests in an year, each 9 m?
raft yields ~125 kg of fresh wt./m*/yr (@7%TS;
Vadassery, Per. Comm.). Many experiments on
cultivation of K alvarezi in tidal pools were car-
ried out at Okha during 1994-95,% and attempts
to cultivate it in the open sea at three localities
viz. Mithapur, Okha and Beyt Dwarka and were
successful.®

Saltwater cultivation of macro-algae has gen-
erally been for the production of select commer-
cial products such as carrageenan etc., that fetch
a high price.””®' These are also reported to have a
significant extent of useful fatty acids.*

3.2.6 A large part of the shallow seas around
the coast line are potential areas for cultivation of
the larger macro-algae. Many other areas along the
coastline form a rich fishery and are therefore not
acceptable for algal cultivation. Efforts therefore

Figure 7: The cultivation of Kappaphycus alvarezii in traditional floating raft systems.
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need to be made to delineate these regions and
demarcate those suitable for algal cultivation.
Moreover, due to over-fishing as well as other
causes, fish catch in many areas of the east coast
of India is very low and is no longer economic to
fish, and many fisherfolk are turning to algal culti-
vation and have become quite adapted to cultiva-
tion of macro-algae. Although macro-algae such
as Sargassum etc. do not have high lipid content,
they could be fermented to biogas (energy) and
many useful byproducts. Biogas could be produced
from the economically unimportant parts of the
macro-algae and nutrients returned to the farmed
area to ensure sustainability. The potential area
available for this activity is not clearly estimated,
however, assuming a km extent from a 4000 km
coastline and 75% accessibility, this works out to
about 3 Mha (this area however, needs to be accu-
rately determined considering several competing
uses and that fishing is involved).

3.2.7 Another type of land quite suitable for
algae cultivation are the constantly flooded
paddy lands where even after the cultivation of
a paddy crop there is a 30-60 day window with
adequate water for cultivation of algae. India has
a very large area of land under flooded paddy

Table 1: Region-wise potential for flooded paddy

and simultaneous algal cultivation under flooded
paddy conditions.

Total
geographic Continuously
area under flooded paddy

Region/State paddy (Mha) (Mha)

Eastern Region 18.583 5.694
Southern Region 7.987 5.070
Northern Region 8.277 3.991
Western Region 7.385 1.742
Total (Mha) 42.232 16.497

cultivation. Of about 42 Mha of land under paddy
cultivation, nearly half of it is under flooded
irrigation method of cultivating paddy crop
(Table 1). In much of the flooded paddy cultiva-
tion, the land is flooded well before the paddy
crop is planted, and also from the time of trans-
planting the paddy seedling to about the 45-60th
day (age of crop, generally panicle initiation) the
vegetation is sparse and much of the water surface
is sufficiently open to sky—i.e. the leaf area cover-
ing the land area (leaf area index, LAI) is still quite
low as seedlings are still small. It is well known
that up to the 60th day, light interception by the
paddy plant gradually decreases and the level of
shading can reach a level ot about 98% on the
60th day—even at this level of light interception
various algae grow (discussed later).”” Thus, as a
lot of usable incident sunlight that falls on water
surface, it is potentially possible to grow various
species of algae during the early part of the paddy
crop and rapidly harvest them for local extraction
of algal crude, biogas and recycling of nutrients
back to the soil—possibly the current paddy crop.
In this way, algae can be cultivated without inter-
fering with the crop growth and the same piece of
paddy land could be used for two crops simulta-
neously, algae and paddy without interference to
the main crop, namely, paddy. In low land areas
of paddy cultivation, in lands that receive runoff
from paddy lands upstream, algal growth is often
very high. These algae are often considered ‘weeds’
that ‘eat’ into the nutrition provided for the crop
plant [e.g. delta area of Kaveri or Krishna rivers in
the east coast].” Thus, under such circumstances
when algae is cultivated only for the first 60 days of
crop life, there is a potential for nearly 16—18 Mha
of algae cultivation area wherein cultivation is
possible for 2 months (Figure 10, Table 1). This
period of 60 d algal growth on 18 Mha could,
for purposes of calculation, be equated to about
3.6 Mha equivalent of year round cultivation of
algae.
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Figure 10: State-wise distribution of irrigated (flooded) paddy in India (in Mha, insertions). The inset map
of the State of Karnataka shows the district-wise irrigated area under flooded paddy conditions as well

as the dominant mode of paddy cultivation. The numerals inserted in the districts indicate ‘000 ha of land
under flooded paddy cultivation in each of the districts. A large part South and Eastern India is suitable for
algal cultivation.

3.3 Algal nutrition required for algal
biofuel cultivation

3.3.1 Large scale algae cultivation, as indicated
in the earlier section, would need large quantities
of plant nutrients NPK, macro and micro nutri-
ents. When cultivated along with paddy, both algae
and the paddy crop will need nutrients. The extent
of nutrients that would be required is discussed
under section 1.2.2 and uptake of nutrients by
algae in open ponds is discussed in a subsequent
section on wastewater. The additional nutrients to
be provided for algal cultivation will increase the
need to manufacture N. Since much of the nitrogen
manufactured today is from fossil fuels, the trend
will increase the dependence on fossil fuels. Thus,
unless efficient methods are devised that allow
complete recycling of nutrients from harvested
algae to the paddy crop, as discussed later, the
system would be unsustainable. Furthermore, as
discussed earlier, algal cultivation and subsequent
biofuel extraction would require between 0.3 and
0.5 kgN/kg biofuel produced. Extending this to

a country level demand, in order to generate the
required level of 150 Mt of algal crude, there is a
need for 150 Mt N to be added assuming that only
50% efficiency of N is transferred from applied
fertilizer to algal biomass. Although a somewhat
higher N-uptake efficiency of 50% is assumed
for algal biomass returned to paddy soil under
flooded conditions, it may be expected that since
N will be applied on a daily basis, there will be a
better control on denitrification and volatilization
losses and might reflect the situation in the field.
Under normal paddy cultivation conditions the N
uptake by paddy crop could be as low as 30% due
to various modes of N.”” Secondly, many algal spe-
cies can utilize ammonia-N directly from the water
as the N-source and hence volatilization losses are
expected to be low, and finally when digested algae
is returned back to soil after biogas production,
this is expected to function like a slow release fer-
tilizer and losses could be reduced further. Thus
using only one time input of fertilizers, two crops
could be raised either in the same season or the
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following season. Further, strain selection process
would also incorporate such traits as fertilizer use
efficiency to ensure that overall N losses would be
much less than, 50-80%. Currently there is little
research information that can predict the overall
N losses and therefore further studies are required.
A similar set of issues are required for P and K that
will become constraining under such situations.
At present little is known about overall efficiency
possible when N is applied for dual purpose of
fertilizing algae as well as paddy simultaneously,
and all N captured by algae is recycled back to the
paddy land for use by the crop in the same season
or the next.

3.3.2 In the case of algal ponds in marine
and halophilic ecosystems such as sea shelf and
Kutch area, finding alternatives for recurring use
of micro, minor and major nutrients requires
that harvested algae without significant losses
is initially processed locally in a decentralized
manner such that the nutrients within algae
can be recycled back to the area where algae was
raised. Today the commonly known method to
convert the residual material left after extraction
of algal-crude is biomethanation. There have
been a number studies on biomethanation and
energy conversion and have been thoroughly
reviewed for marine macroalgae Macrocystis
pyrifera (giant Kelps), Sargassum sp., Laminaria
sp., Ulva sp., Gracilaria sp. etc as potential sources
of methane.”® The marine kelps have very high
growth rates and added to that they are easily
biodegradable because of absence of refractory

lignocellulosic compounds that are typical of
terrestrial biomass forms.”” Marine species like the
giant kelp have a methane yield of 103-310 ml of
methane/g of dried algal solids.””*® The anaerobi-
cally digested algae, like most biogas plant diges-
tates, are expected to be a dark and turbid liquid
rich in organic N. Techniques that return these
nutrients back to the standing algal crop without
concomitant increase in turbidity, interference in
light availability, bacterial growth etc. needs to be
developed.

3.3.3 In the case of simultaneous cultivation of
paddy and algae, the strategies adopted for raising
mixed algal species with a blue green algae compo-
nent could be carried out here as well. Earlier stud-
ies on raising blue green algae in paddy fields have
shown that in algae fertilized paddy fields initially
there is a lot of green algae (>90%) which slowly
shift to about 30—40% blue-green algae (BGA) to
achieve between 1-6 t of algal biomass/crop cycle
and add a netincrement of about 30 kgN.* There is
a lot of experience in this area and research results
suggest that nutrients meant for the main paddy
crop could first be applied to fertilize the algal
crop, and since most of the algal biomass would be
incorporated to soil during the existing crop cycle
and the decomposing algae would in turn provide
the required nutrients to the standing crop, only a
minimal fertilizer needs to be applied to the main
paddy crop. This is because nutrients picked up
by the blue-green algae that is harvested is recy-
cled back to the paddy plot. In a similar manner,
algae raised for biofuel that are harvested during
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Figure 11: The increase in algal biomass (dry weight basis), dominant species and BGA levels at various

stages of paddy cultivation (adapted from Roger and Reynaud™).
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the crop cycle would be processed simultaneously
for extraction of algal biofuel and the process resi-
due (after extraction of algal crude and biogas)
could rapidly be returned to the soil. Such a nutri-
ent management strategy had been successfully
adopted for cultivation of BGA as well as Azolla in
the past.”'%" This would require algal harvesting
systems in the field as well as rapid algae process-
ing systems to function in the immediate vicinity,
and therefore calls for decentralized processing.

3.3.4 Several blue-green algae and green algae
have been cultivated in paddy fields in the past with
the objective of increasing the net N content of the
system.'® It has been reported that up to 40 kg N/
ha could be fixed by the simultaneous cultivation
of these algal species and Azolla."” One of the
most successful strategy was to provide the algae-
Azolla combination (Azolla-Anabena) with all the
P and a small quantity of N at the time when these
symbionts were inoculated into the paddy crop
land. Azolla (and the blue green algae symbiont)
grew till about 60 d of crop life after which they
became shaded. These were then trampled and
pushed back into the soil where they decomposed
rapidly to provide nutrients to the reigning paddy
crop (this is discussed in another article in this
issue). The key strategy was that the P and K as
well as some of start-up N needed for the paddy
crop was provided to the Azolla crop instead.
Later, when Azolla was trampled and pushed back
into soil around 30-60 day of the paddy crop, it
released the ‘locked’ nutrients to the paddy crop
and significantly increased the overall N of the soil
system. This strategy reduced the N needed for
the overall system because the moderately decom-
posing Azolla ensured that most of the released
nutrients were picked up efficiently by the paddy
crop in the very same way as slow release fertiliz-
ers would function. This also reduced the poten-
tial losses that would have arisen from the direct
use of urea” (up to 75% N lost) and such losses
are best studied using an eco-system approach.'®”
The very same strategy and practices now need
to be adopted to raise algae for biofuels on paddy
lands such that only a marginal level of additional
nutrients need to be provided for raising algae and
recycling, and capture by main crop is expected to
achieve a high level of N capture efficiency.

3.4 Water required for algal biofuel
cultivation

3.4.1 One of the simplest methods of algal

cultivation for biofuels would be to raise algae

in open water ponds—on the sea or land (as

indicated earlier). However, a major drawback of

open water surfaces is that open water surfaces
lose large quantities of water through evapo-
ration (measured as mm/d). This could range
between 5-10 mm or sometimes more (in rainy
or winter and summer months respectively).'*
Large geographical areas of India generally have
a water deficit budget wherein the total evapora-
tion measured on an annual basis usually exceeds
the total annual precipitation—suggesting the
presence of varying degrees of aridity. Second,
as most of the useful and nearly flat lands are
already cultivated, a potential option to cultivate
algae on the same farmed land can be realized
only after a crop is grown or without sacrific-
ing the outputs of the said crop. Even if there is
a hope for surplus water in the region, raising a
food crop needs to be given priority to ensure
that food security is maintained. In this way algal
cultivation need not be raised by replacing a food
crop and thereby threaten the food security of
the region. Using this approach to determine the
presence of surplus water, various parts of the
country could be classified into zones where there
exist more than 150 d of acceptable water bal-
ance (90-120 d crop + 30-60 d algal cultivation),
150-210 d (30-60 d algae), 210-270 (two agricul-
tural crops or one field crop + 90 d algae cultiva-
tion) and finally locations with >270 d of positive
water balance (Figure 12). This shows potential
areas where there is a likelihood of surplus of
water available for algal biofuel production after
cultivating a normal field crop. In this analysis,
as the north east and the northern Himalayan
regions are mountainous and large tracts of flat
land are difficult to find, they are not included in
the projection for algal biofuel production. For
the rest of the country, only a small part of the
geographical area—the dark hatched area and
the dark blue areas have the potential climate to
cultivate algae in the open using natural water
sources that may be collected in the area. In this
projection an attempt is made to show that there
is potential to cultivate algae in these zones using
a simple approach, however, a detailed approach
using larger needs of water needs to be taken into
account for more precise local estimations. The
added water burden emerging from evaporation
of water from open water surfaces such as algal
ponds will not lead to major water deficit condi-
tions and therefore it makes the overall process
sustainable from this perspective.

3.4.2 Algal productivity under field conditions
has been reported to range from 5-15 g dry mat-
ter/m?/d'*>!% (avg.10 g/m?/d). Further, as indi-
cated earlier, the evaporation loss from algal
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Figure 12: Wet regions of India where algal cultivation is technically feasible measured in terms of
adequate availability/supply of water after meeting the needs of a single or double crop. This is determined

as a function of the period for which the cumulative open pan evaporation (OPE) is less than the total annual
precipitation measured in days.

ponds could be in the range of 5-10 mm/d. This
then suggests that in rainy and winter seasons,
when evaporation losses are around 5 mm/d, the
water requirement would be around 500 L/kg
dry matter and at 20% lipid content it would
mean about 2500 L/kg algal crude produced.
It has been reported that the water require-
ment for producing 1 kg of biofuel (biodiesel)
is around 3726 kg with no recirculation, out
of which around 15% is lost by evaporation
etc. and the rest is discharged, and if recircula-
tion loop is applied the water input reduces by
84.1% but such systems might be inefficeint to
cater to the daily loads of water influx.?” When
photobioreactors are employed although the
water losses are low, the need to manage heat
requires sacrificing substantial water to cool lar-
gescale bioreactors exposed to sunlight to radi-
ate out 5-7 kWh of heat. Studies on generation
of bioethanol estimate a requirement of 4000 L

of water required for the generation per litre of
ethanol."””

Similarly, when cultivated in summer, there is
generally a promise to achieve a higher yield from
higherlightintensity and longer daylight. However,
assuming the earlier productivity along with higher
evaporation losses, the water requirement would
be 1000 L water lost/kg algae or 5000 L water/kg
algal crude produced. Both these levels of algal dry
matter production are far lesser than what is pos-
sible in field crops in relation to fresh water. In this
context therefore it is, water-wise speaking, not
economic to cultivate algae as a single crop with
fresh water unless, the water used for algal cultiva-
tion is not suitable for field crops. On farm land
therefore, it does not make ‘resource sustainability’
sense to cultivate only algae as a single crop even if
the land is wasteland because there are other prof-
itable and sustainable options for efficient use of
water for cultivation of field or tree crops at higher
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water use efficiency (WUE). In areas affected by
salt or salinity, the use of salt or sea water is of
lesser consequence even though the evaporation
loss is high because these types of water sources
are not suitable for field crops, there is plenty of
such water but no suitable economic option with
higher economic gains in the vicinity. Thus from
the water loss perspective it could be surmised
that when using fresh water as the primary water
source to raise algae in open land, the low water
use efficiency of algal cultivation dictates that any
other crop would be more economic and efficient
compared to algae in semi-arid and sub-humid
conditions of climate (such as India). Algal culti-
vation for biofuels could become a better option
only when using sea water or when co-cultivated
with paddy under flooded conditions (similar to
multi-tier cropping or raising BGA or Azolla)."
The potential for multi-tier paddy-algae cropping
is discussed later on in this paper.

In the presence of a standing crop such as
paddy, the water lost from a standing crop is gen-
erally lower than what would occur from an open
surface for typical field crops. As there are insuffi-
cient generalization or experimentation about the
heat absorbed by the standing water under paddy
crops and therefore the extent of evaporation that
is likely to occur both in still air and/or typical
windy situations during crop cultivation, data
needs to be generated as to what is the expected
water loss from a paddy field when algae are cul-
tivated in the water below under field conditions.
The regions where cultivating algae would be sus-
tainable in terms of careful use of water could be
estimated in terms of whether there would be a
negative water balance in the region. Thus in a
somewhat dry region such as India, sustainability
dictates that algae needs to be grown only up to a
period where the cumulative annual evaporation
(evapo-transpiration) does not exceed the average
annual rainfall and after meeting all local demands
for fresh water. Since not all parts of India receive
high levels of rainfall, the potential regions of algal
cultivation for biofuel will also vary accordingly
and is discussed later on (Figure 12). Scenarios
that use judicial combinations of total evapora-
tion and potential evapotranspiration is likely to
fine tune the estimation and needs to be done at
a local level to determine feasibility and sustain-
ability of water used for algal biofuels.

3.5 Centralized vs decentralized:
ancillary technology needs and
readiness

The large expanse of algal cultivation possible

in Kutch enables the deployment of large algae

processing systems (deploying economies of scale)
as well as permits extraction of a large number of
saleable components from the algal biofuel project
such as pigments, proteins, metabolites etc.”® that
are not economic at village scale operation or
requires a higher level of skills that is not afford-
able in decentralized village level processing sys-
tems. Similarly, oil extraction from algae has many
options some of which are efficient in a large scale
only. However, carrying wet harvested algae or
the need to dry them, package them and trans-
port them to centralized processing places, neces-
sitates sacrificing a part of the algal biofuel into
the transporting needs of the overall production
process. This will increase the C-footprint and
needs to be minimized by evolving and adopting
decentralized techniques to extract and process
algal biofuels at a village or cluster of village scales
of operations. Both types of technologies will be
needed. A detailed discussion of techniques for oil
extraction is not taken up in this review—but can
be found elsewhere.?!%-110

3.5.1 Local and decentralized processing and
generation of secondary wastes: Processing
of algae to several by-products in a centralized or
decentralized manner is expected to produce a lot
of wastes, spillages, rejects, etc. There is a need to
determine the environmental impacts of these as
well as environmental footprint of the wastes if
not managed well. Consequently, there is a need to
evolve local uses for these ‘wastes’ such that there
are no environmentally sensitive by-products
generated, and all wastes are re-used locally and
ploughed back into the algal production proc-
esses. As the processes of lipid extraction or recov-
ery of secondary algal metabolites are expected to
differ as per the scale of operation as well as the
extent of by-products extracted, there is a need to
evolve and adopt ‘zero waste’ types of decentral-
ized processes. Without such approaches a lot of
non-point and decentralized sources of water and
soil pollution may be expected such as those that
occur in the processing of several agro-processes,
e.g coffee-pulping,'"’ rubber sheet making,''? des-
iccated coconut production (CST, unpublished
study), sago making from rice,'” and air pollution
(rice puffing, jaggery making, etc).

3.6 Potential for secondary wastes
utilization

Although a lot of wastes and spillages of algae

and by-products are likely to occur in the

decentralized processing and may not receive

adequate attention or regulation, most of these

are expected to be quite biodegradable and will
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gradually decompose on the soil where stored
or spilled. However, their inadvertent transport
by run-off into nearby water bodies can cause
adverse effects of eutrophication, nitrate accu-
mulation etc. On the other hand these would be
resources wasted and needs to be brought back
into the production process. One approach, as
carried out in coffee pulping process''' and sago
industry in South India, is to convert the wastes
and wastewaters into biogas through anaero-
bic digestion that is required for the upstream
processing of agro products. Quite often the poor
waste management would be the only source of
GHG emissions and causes convertion of the
overall production process to become completely
green'* (ICWD) as well as acquires negative
C-footprint and sustainability. Such approaches
are necessary to ensure multiple levels of sustain-
ability and C-neutrality even as these processes
are disseminated in a large way. When, the waste-
water is treated anaerobically to recover methane
for diesel substitution and the treated wastewater
is recycled on land, the coffee processing becomes
completely green.'"!

3.7 Energy efficiency and carbon
neutrality/negativity

3.71 Research carried out with a broad purpose
of sequestering large quantities of C (as micro-
algae that settle to the bottom of the ocean) by
Fe and nutrient fertilization at the sea surface has
also triggered research on the possibilities to use
micro and macro algae in various shallow seas
as well as for algal biofuels.""” Linking algal cul-
tivation for biofuels with C-capture appears to
provide a greater promise today. Firstly, seques-
tering C generated from nearby coal fired power
plants provide both a low cost source of CO, as
well as some degree of the cultivation cost is oft-
set by the C-sequestering process being carried
out for the power plant."'® This provides algal
biomass at much lower costs than that would be
by cultivation algae for biofuel alone. Further,
the promise of improved strains and increased
lipid accumulation emerges from various bio-
technological research around the world and
these make it much more attractive 5420117118
Towards this direction, much of the research here
has been focused on screening oil rich algae and
finding suitable growth conditions for greater
oil yields.""”!*® There has been a very large level
of studies for scrutinising bio-chemical environ-
ments that triggers neutral lipid accumulation
(TAG’s) in algal cells for example nutrient stress
as N and P limitation”'?"'** and Fe limitation'*
etc. One of the major limitations of such type of

approaches is decreased biomass productivities of
cells. So, even at higher lipid yield the lipid pro-
ductivities are low.'"* Therefore it is suggested to
have higher biomass yield than accumulating lipid
in algal cells by inducing stress conditions. Higher
biomass yield can pave ways in an economic route
of energy generation through other biofuel by
using different bio-chemical processes. All these
provide for greater hopes and opportunities
to expect that the oil crisis could be mitigated
through algal biofuels across the world and algae
have various advantages that make them better
candidates as compared to the terrestrial biofuel/
bioenergy options.

3.7.2 Further, considering that the production
of every kg N manufactured requires nearly 2 kg
of naptha or equivalent in current manufacturing
processes, cultivation of 150 Mt algal crude
would require 300 Mt  of energy to make the
N required for growing it. Clearly, therefore
alternative mechanisms to provide N for algal
cultivation need to be devised that do not require
primary use of naptha or their equivalent for
manufacture. Novel methods and practices for
nutrient recycling and management accompanied
with low losses will then be required.

3.8 Multi-tier cropping of algae

with paddy
Paddy cultivation is often carried out by flooding
the land prior to the crop as well as during the cul-
tivation of the paddy crop. As India has a very large
area under paddy cultivation, there is potential to
simultaneously cultivate algae and paddy. In fact
because the land is kept flooded for a significant
period, algal cultivation becomes possible because
the crop cycle for algae could be as short as 7 d and
many such crops can be taken up before the paddy
crop is transplanted as well as raised simultane-
ously with the paddy crop during the early stages
of the crop when the leaf area of paddy crop is low
and significant extent of light reaches the water
surface (Figure 13). Many issues then dictate this
possibility namely,

a. prevention of competition between paddy
and algae for nutrients and novel nutrient
management

b. sufficiency of light for algal species deployed
under various paddy cultivation conditions

c. ability to constantly recover algae rich water,
harvest algae and return the water back to the
paddy plot

d. ability to process algae locally so as to separate
the algal crude, algal biomass and finally evolve
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Figure 13: Schematic diagram of Algal cultivation and biofuel production in Paddy fields.

a mechanism to return the nutrients locked
within algae back in time for the crop and

e. evolve algal cultivation practices that avoid
build up of grazers and other species that con-
sume algae and lower algal yields

3.8.1 Potential cultivation area for algal
biofuel production: Paddy in India is usually
cultivated where water availability is high either
from a high rainfall pattern or with water brought
in to the area by various types of irrigation systems.
Cultivation practices vary significantly between
regions, areas and even within villages, and there-
fore it is difficult to generalize for the entire coun-
try as to what will be the depth of water that will
be maintained in the paddy plot and the duration
for which it will be maintained among the sea-
sonally flooded and constantly flooded types of
paddy cultivation. This varies significantly even
within a village. Yet, three to four types of cultiva-
tion practices are generalizable—rainfed upland,
rainfed with partial flooding, irrigated with con-
stant flooding and deep water paddy. Only the last
two types have the necessary certainty of water
availability as well as a sensible potential to raise a
simultaneous algal crop along with the paddy crop.
Further, only irrigated paddy with constant flood-
ing makes current economic sense to raise a simul-
taneous algal crop because it is possible to raise
algae for about 30-60 d giving at least 4-8 simple
cycles of algal harvest (batches at 7 d intervals)
although under continuous culture the yields
could be higher. For this purpose various states of
India could be classified into zones, its states and
districts (illustrated for Karnataka) where the area
of flooded irrigation is practiced for paddy culti-
vation (Figure 10 and Table 1). The total cultivated
area is also highlighted. This approach suggests, as
mentioned earlier, an area between 16—-18 Mha is
potentially available for simultaneous cultivation
of paddy and algae. In order to simplify and pro-
vide a uniform estimate the following assumption

can be made. In this 18 Mha of land, considering a
minimum of 60 d is possible for algal cultivation,
the land area equivalent 18 Mha for a year round
(300 d) cultivation of algae could be equated to
about 3.6 Mha of continuous cultivation.

3.8.2 Redox potential management and
methane emission control: Algae cultivation
in flooded paddy plots is expected to provide
another set of indirect benefits for the environ-
ment and climate change process. The cultivation
of a high density of photosynthetically active algae
is expected to greatly increase the oxygen content
of the water flooding the paddy field'>'* and even
reach super-saturation levels of dissolved oxygen
reaching upto 20 mg/l. High levels of oxygen for a
greater part of the day, especially in the boundary
layers between the soil surface and liquid layer'* is
expected to drive the system to become oxic and
therefore inhibit methanogens. Methanogenic
inhibition in paddy plots is therefore expected to
reduce the methane emissions from paddy lands
and therefore be environmentally beneficial. This
phenomenon has, however, not been proven in
the field and needs to be conclusively studied/
determined that high intensity algal cultivation in
a flooded paddy field at required algal density will
avoid or overcome methane emissions normally
emitted from paddy fields—a major source of
GHG in developing world. This approach, on the
one hand, side will provide GHG free biofuel, and
on the other side avoid methane emissions from
flooded paddies—a double benefit.

3.8.3 Possible areas of crop-algae conflict: By
growing algae on paddy plots, the cropping inten-
sity would be greatly increased, therefore increas-
ing the complexity of agriculture being practiced.

a. Forefficientrealizationandrecovery of the algal
biofuel, it is imperative that the algal growth
achieved is rapidly harvested at the field level.
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Paddy farmers need to adapt to such a higher
level of farm and resource management.

b. Wet harvested algae are expected to have a
short life and possess between 90-95% water
that needs to be firstly dried to ensure better
recovery of algal lipids. Typically this would be
the domain of the farmer. This then requires
a drying mechanism for drying the harvested
algae—drying algae during typical monsoon
season is expected to be difficult and energy
efficient alternatives need to be devised.

c. Harvested algae need to be rapidly processed
for bio-fuel extraction. Many of the algae—
especially BGA autolyse rapidly after harvest
and therefore need to be processed for bio-fuel
extraction, protein and carbohydrate recovery
and finally energy recovery so that the material
can be returned to the paddy growing plot to
ensure its fertilization and higher yields.

d. The byproducts of the biofuel extraction
process (defatted algal biomass) are expected
to be about 4 times in weight compared to the
algal biofuel recovery. Under such a situation,
the oil-extracted residue needs to be converted
to biogas and the process of biomethanation
needs to be adapted to remove appreciable
levels of decomposable C. In this approach
to fossil-fuel substitution the decentralized
processing reduces the overall C-footprint
arising from land based transportation
of raw materials but requires infrastruc-
ture to be created to collect and distribute
the semi-finished fuels. The overall process
requires close supervision.

e. The need for rapid conversion of algal
biomass to biogas and other locally useful
sources of energy is expected to drive the
system forwards towards higher sustainability.
However, this requires the active participation
of the farmers—who are expected to benefit
from the sale of bioenergy. There is a learning
period for farmers to accept and use the higher
benefits through better management of locally
generated energy and fuels.

f.  The digested residue from anaerobic digestion
of algae is expected to be recycled back to the
paddy plots. However, this requires rapid use
and recycling of these organo-fertilizer precur-
sors. There is not enough data to convince that
the efficiencies and cost recovery is the highest
for this option.

g. Thus many forms of local processing are
expected to produce a large extent of not-so-
desirable outputs from the energy route. These
need to be harnessed locally and required
infrastructure needs to be in place.

3.9 Recycling and reuse of wastewater
for algal biofuel production

3.9.1 Wastewater generation and algal
growth: Large volumes of wastewater are gener-
ated in cities of developing countries cities and
are often let into the nearby environment without
adequate treatment steps. These wastewaters are
rich in plant nutrients such as N, P, K and other
minor nutrients. Today, all the fertilizers used in
agriculture (especially N based ones) are manu-
factured, transported and supplied at the expense
of fossil fuels—petroleum derived or natural gas,
and therefore have a large C-footprint besides
becoming scarce. Much of current algal biofuel
research envisages growing algae on such waste-
waters. Using wastewater as the primary feedstock
firstly helps to generate substantial quantities
of algal biomass as alternative energy sources.
At the same time they potentially recover, recy-
cle and remove high energy containing N from
wastewaters. When grown for algae, these wastewa-
ters are treated without simultaneous emissions of
methane, a potent greenhouse gas that is normally
emitted during anaerobic-aerobic treatment of
wastewaters, thereby avoiding the GHG emissions
from the normal water treatment steps and greatly
reducing the C-footprint. There is thus an increas-
ing need for technologies and strategies that help
in generation of renewable energy from algal cul-
tivation so as to make algal biofuels C-neutral.*'*
As the extent of usable water is generally in short
supply and therefore has become scarce in a large
part of the developing world, especially in India,
algal cultivation in wastewater systems also meets
the wastewater purification requirement without
inputs of fossil fuel derived energy, high capi-
tal and operating costs, can become aesthetically
acceptable and simultaneously bring back waste-
waters into a reusable form. Much of the founda-
tion of sustainability is built on the principle of
reuse of water, recovery of potentially polluting
nutrients, removal of potentially toxic and unde-
sirable elements and recycling of useful nutrients
into the food production system etc. Today there
is little understanding about various challenges to
sustainability that are likely to occur under large
scale cultivation of algae for simultaneous algal
biofuel production and wastewater treatment
and therefore needs to be reviewed, assessed and
quantified.

Domestic and municipal wastewaters are inex-
pensive and effective algal media for algal growth
and subsequent harvest and recovery of algal-prod-
ucts (biomass and biofuels). Microalgae are the key
players in treatment of domestic wastewaters in
units such as oxidation ponds or oxidation ditches.
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The growth and function of algae in such sys-
tems are generally left to natural processes and are
poorly controlled. Algae have also been deployed
in low-cost and environmentally friendly wastewa-
ter treatment compared to other more commonly
used energy intensive treatment processes.**"*>
However, even in such cases, the processes deployed
while being highly dependent upon algal growth
and function, algal biomass is rarely harvested or
utilized in an economic fashion.

In many developing country situations
although large quantitites of wastewater is gene-
rated the technologies that have been deployed to
treat the wastewater has gradually become expen-
sive with biological (aerobic), and chemical based
systems.** TheNandP concentrationsof municipal
wastewaters of large metros of India range from
30-100 ppm and 10-45 respectively;*”~'* over
1000 ppm in agricultural wastewaters'®!*0-142
or swine/piggery wastewaters.'*? In India, in the
past agricultural wastewaters rich in nutrients
were almost always reused on farm land enabling
nutrient recycling and recovery. However, today
agricultural practices have become mechanized,
market centric and labour cost sensitive, therefore
smaller proportions of agricultural wastewater
are produced and recycled on the farms and sig-
nificant proportions of such wastewaters are being
discharged, e.g. coffee pulping wastewater.'®!'?
Algae being rapid assimilators of nutrients,
effectively growin these nutrient rich environments
and therefore it makes them the most suit-
able contenders for sustainable and low-cost
wastewater treatment®'*2*143-1*% with simultaneous
algal biofuel generation potential.*>'*

According to recent reports of CPCB the
wastewater generation in the country is around 40
billion litres per day mostly from urban areas and
from that barely 20-30% of the generated waste-
water is subject to treatment. On the one hand,
per capita water supply in India is 189 liter per
day,'”” whereas production of sewage is estimated
to be 138 liter per person per day. This indicates
the magnitude of the problem. When we account
for all losses, around 80 Ipcd reaches the receiv-
ing water-bodies. In Figure 14 an attempt is made
to show the volume of the wastewater generated
by the cities of various categories, the treatment
facility available and the fraction of the wastewa-
ter treated.

3.9.2 Nutrient assimilation from wastewa-
ters: The nature and the degree of variability
of the present day wastewaters generated is very
high. Even in such wastewaters different types of
algal communities thrive by their ability to utilise
abundant organic carbon and inorganic N and P
in the wastewater and bio-accumulate certain toxic
elements as heavy metals and xenobiotic com-
pounds.' The use of algae in wastewater treatment
is not new and has been known from 1950s."*
However, the chemical and biological (generally
with surface aerators) processing of wastewater
effluent and the resultant activated sludge are still
practised world-wide as the conventional treat-
ment method. The global level utilization of the
algae as a bio-process in the wastewater treatment
systems are scant and are applied on a minor scale.
Algal systems are being practised in wastewater
treatment either through the use of stabilisation
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(oxidation) pond based systems, and recently
shallow well-mixed suspended algal raceway type
oxidation ponds with mechanical mixing.'*

A major requirement of wastewater treatment
in rapidly urbanising developing countries is the
removal of N and P, and to some extent C that
forms the major cause for eutrophication of receiv-
ing water bodies. Most of the C released into the
sewer system undergoes AD and is subsequently
degraded aerobically during the period of its flow
in open sewers and also storm water drains. Algae
are efficient in removing N, P, organic toxicants
and toxic metals from wastewater'*'** and hence
are key players for nutrient remediation particu-
larly during the secondary and tertiary treatment
phase of wastewater.

Significantly high rates of oxygen generation
from photosynthetic algae (6-28 ppm) overcome
the requirement of mechanical aeration systems
which has a high initial and operational cost."
Oxygen in the dissolved form in treatment units
enhances the rate of heterotrophic bacteria to
remove organics.'” Furthermore, algal treatment
systems enhance the sustainability of the treat-
ment systems by avoiding the generation of unde-
sirable bi-products and secondary wastes such as
sludge, thereby closing the loop for efficient nutri-
ent recycling. Algal biomass in these ponds are
rich in nutrients that can directly applied to land
as low-cost fertilisers, as animal feed*"'* or can be
made to use in many different ways that satisfies
our biofuel needs.

Much of the understanding of the algal
dynamics and its wastewater ecology has been
derived from laboratory based small pilot scale

cultures and pilot scale high rate algal ponds
(HRAP). There have been significantly higher
numbers of studies on growth of algae under a
wide variety of wastewater environments under
different conditions. Most of these studies have
focussed on urban wastewaters such as municipal
sewage (Table 2) and dairy wastewaters, and
have primarily examined the potential of algae
to remove N and P, and in a few instances metals
and other minerals from wastewater. Many studies
have focussed on factors that are responsible for
maximum algal biomass production and mecha-
nisms of algal biomass harvest from wastewaters
(Figure 15). This review attempts to provide
insight to use wastewater algae for potential bio-
fuel options.

3.9.3 Wastewater algal growth efficiency:
Algal growth and development in any set of
cultivation systems depends on a multitude of
variables, the physicochemical variables being pH,
growth medium temperature, nutrient concentra-
tions primarily C, N and P and other nutrients,
light availability, gas exchange systems and effi-
ciencies. Several studies have examined the factors
affecting growth. And since algal growth stud-
ies in primary settled urban sewage significantly
increased at longer photoperiods, addition of CO,
and in the contrary increased temperature regimes
during growth substantially decreased the density
of algal biomass."°

Urban wastewaters are generally rich with high
concentrations of C, N and P compared to the
other growth media or water sources. The major
fraction of N is in the form of ammoniacal-N
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Figure 15: A flow-diagram showing how wastewater resources could be utilised for sustainable algal-
based biofuel production coupled with wastewater treatment.
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i.e. 35 ppm™® which sustains many algal species

dominated by Chlorophyceaen members compris-
ing Chlorella sp., Monoraphidium sp. and Chlo-
rococcum sp."*® Contrary to this there are many
studies that highlight the lethal effects of higher
NH,-N on algae due to ammonia toxicity."**"'"*
The algal communities in an urban lake at Banga-
lore were reported to be responsible for about 76%
N removal and 60% C removal."” Similar findings
were also found in earlier studies where chloro-
phytic microalgae mostly comprising of Chlorella
and Senedesmus have been shown to tolerate sev-
eral wastewater conditions and were efficient at
uptake of nutrients from wastewater.'>!53-160

Chlorella and Scenedesmus are usually domi-
nant among the phytoplanktonic communities in
oxidation ponds'®' and in high-rate algal ponds.'*
The growth of Chlorella and Scenedesmus have
been studied widely as these species grow well
in sewage effluents.”””!%-1 These species show
a high nutrient removal efficiency (>80%) and
in many instances results in almost complete
removal of ammonia, nitrate and total P from sec-
ondary treated wastewater,"”>'*!® indicating the
potential of microalgae for tertiary sewage treat-
ment. Among the chlorophycean members there
can variations in the nature and rate of nutrient
uptake in different species. Chlorella vulgaris was
reported to be more effective than Chlorella kes-
sleri in N and P uptake from wastewaters'® while
observations from other studies indicated that
Scenedesmus obliquus grew better in municipal
wastewater than Chlorella vulgaris." Several other
studies reveal the presence of euglenophytes in
wastewaters with higher organic loading which
derives nutrients from the environments mixo-
tropically (CST, unpublished study).

3.9.4 Algal growth in municipal wastewater
(sewage): In conventional treatment plants, N
and P are usually removed in the tertiary phase
of wastewater treatment systems where algae have
been widely deployed and form the key agent for N
and P removal. These algae could function either
as free-swimming entities (in suspension) or in an
immobilized form (Table 2). Studies conducted in
different modes as under semi-continuos culture
conditions reveal higher growth rates compared to
batch cultures and this is attributed to the progres-
sive nutrient depletion under batch conditions.'’
Other lab scale studies showed high growth rates
and nutrient removal (90% N removal and 80%
P removal) by deployment of algae on primary
settled sewage with Chlorella vulgaris (with-
out primary treatment).'®® Many of these batch
operated lab scale experiments have shown high

growth rates.”” When the growth of the earlier
study ' is compared with that of S. obliquus, '’
the latter had higher growth rates and efficiency
of nutrient removal which is attributed to the
semi-continuous nature of the operation. How-
ever, Chlorella species were able to grow efficiently
even at high nutrient loads (TN = 132 ppm;
TP = 202 ppm) in centrate wastewater collected
from from sludge centrifuge.'® Chlorella minutis-
sima isolated from wastewater treatment ponds in
India had higher growth rates in raw sewage under
pond systems compared to earlier studies.'® This
species was reported to grow heterotrophically in
dark and had a mixotrophic mode of nutrition on
variable C and N (ammonia/nitrate) sources at a
wide range of pH and solids concentrations and
has higher growth of 380 mg/l in heterotropic con-
ditions compared to 73 mg/l under phototrophic
conditions in 10 days.'® These experiments
indicate that chlorophycean members such as
Chlorella as better nutrient assimilators in raw
wastewater systems under laboratory conditions.
However, under field conditions although chlo-
rophyceans dominate the algal assemblages could
vary a lot depending on the physico-chemical
environment.'”

Algal communities were found to be efficient
in the removal of nutrients from agricultural
wastewater and livestock waste slurries that are
high in N and P."'"2 Botryococcus braunii was
reported to grow at higher growth rates in pig-
gery wastewater comprising 800 ppm nitrates
and and showed ~80% removal of nitrate-N.'*
Earlier observations reveal benthic algae as
Microspora willeana, Ulothrix sp. and Rhizoc-
lonium hierglyphicum possessed higher nutri-
ent uptake rates compared to other algae in
suspension.'’®”!* Algal species have been also
used to treat industrial wastewaters and have
been thoroughly reviewed.'*'¥ Algae such as
Botryococcus  braunii  and  Chlorella  saccha-
rophila, and marine alga Pleurochrysis carterae
have been also found to grow abundantly in
the carpet mill wastewater producing higher
lipid yields."* Many algal growth and nutrient
removal studies have been conducted on artificial
wastewaters'>»!74154157.158 that lack solids (organic
matter) and do not adequately simulate the orig-
inal wastewater conditions. These are simple sys-
tems with no nutrient competition and result in
higher microalgal growth rates compared to per-
formance in municipal wastewaters'*”'®> which
is attributed to higher toxicity and inhibitory
effects of certain chemicals in real wastewaters or
competition from resident bacteria, protozoans
and zooplanktons.
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3.9.5 Potential lipid generation from waste-
water grown algae: The capability of algal
communities to thrive under acute conditions in
typical wastewater illustrates that these nutrient
rich wastewaters can be used as suitable natural
growth medium for producing biofuel in a sus-
tainable manner. These algal communities with
higher growth rates and productivities can store
significant levels of lipids in the cells. The nature
and type of lipids (saturated, unsaturated, poly-
unsaturated and glycol/phospho lipids or TAGS)
and the quantity of lipids produced (max-80% of
the cell dry weight) depends on the nature of spe-
cies and the algal growth conditions."®'?° Reports
from established sources reveal higher lipid con-
centrations from cells grown in photobiorectors
or batch cell-culture in vitro. However, compara-
tively lower lipid concentrations are observed in
open ponds and lagoons.'"’

The higher level of accumulation of lip-
ids induced by stress induction (N and P limi-
tation) are linked with low algal-biomass
productivities.”'” The unlimited nutrient supply
in nutrients wastewaters would result is high algal
cell densities and higher lipid productivities. Sev-
eral laboratory based studies focussed on biofuel
from wastewater have been carried out in batch
cultures, semi-continuous cultures and in biore-
actors with ponds and have reported satisfactory
lipid accumulation in wastewater grown algae
yielding low (<15%), moderate (25-30%) lipid
content and in many cases a very high lipid yield
is achieved (Table 2).

Studies have reported an average lipid content
of 12-18% (Table 2) depending upon the species
selected and the growth environment. Algae mostly
grown on municipal wastewater was found to have
a biomass cells ranged from 20-35 mg/l/d with an
annual biomas yield of 16-28 t/ha/yr to produce
an estimated lipid yield of 3260-3830 L/ha/yr.'*®
Batch culture growth studies’ in municipal
wastewaters and Chlamydomonas reinhardtii
revealed higher growth rates with a lipid content
of ~17%.'7> The same cultures being transferred to
bio-coil showed a consistent growth in wastewaters
with increased lipid content of to 26% and bio-
mass productivity of 2 g/1/d and an estimated lipid
yield of 0.505 g/l/d coupled with adequate nutri-
ent removal.'”? Studies on Botryococcus brauni in
secondary treated municipal wastewater showed
higher lipid content (~18%) than conventional
growth media (~11%). Such studies suggest a
greater likelihood of lipid accumulation in waste-
waters. Many more such types of investigations
are required to evaluate the growth rates, lipid
content and the lipid productivities in wastewater

and synthetic media."”” Contrary to the above
another study has reported higher growth rates
(thrice) along with significant decrease in total
fatty acid content (9 mg/g) compared to control
cell cultures (46 mg/g) during the same cultiva-
tion period.'”

Many other studies have also shown the poten-
tial of algal biofuel production in different kind of
wastewater, livestock (dairy) manure wastewater,
etc. The lipid content from mixed algal cultures,
isolated from sewage treatment ponds, grown in
anaerobically digested dairy manure wastewater
in outdoor batch cultures showed a leap in lipid
accumulation in a week (14% to 29%) with an
estimated lipid productivity of 2.8 g/m*/d."** Chlo-
rella sp. grown in batch culture on anaerobically
digested dairy wastewater showed total fatty acids
ranging from 9% to 13.7% with varied wastewater
concentrations and producing a cell dry weight
picking up from 1.47 to 1.71 g/ giving a lipid pro-
ductivity of 11 mg/1/d.'*® Chlorella sp. grown in
dairy manure wastewater were compared with two
setups with suspended growth and polystyrene
foam substratum growth medium which showed
equallipid contents (9%) in both the systems, how-
ever, algal biomass yield were higher in attached
algae with a fatty acid yield of ~2.6 g/m? account-
ing to a fatty acid productivity of 0.23 g/m?*/d.'”
The study on Rhizoclonium hieroglyphicum grown
turf type pond system compared different types of
wastewaters with or without CO, supplementation
and revealed higher lipid content in pig-wastewa-
ters grown algae (9.3%), however the algal biomass
productivity was greater in dairy effluent (21.3 g/
m?*/d dry wt. basis) compared to other wastewaters
(10.7 g/m*/d dry wt. basis) of the pond scale con-
ditions with certain inconsistencies, that lead to
higher lipid productivities 156 mg/m?*/d (without
CO, supplementation) and 210 mg/m*/d (with
CO, supplementation) with just 86 mg/m?/d from
pig wastewaters.'”°

3.9.6 Challenges and limitations for potential
algal wastewater biofuel production
Efficient biomass to biofuel conversion technolo-
gies: There are several processes and mecha-
nisms of biomass conversion to biofuel for
energy generation. What becomes important is
use of the technically viable and efficient meth-
ods for maximum biofuel yield. The algal bio-
mass-to-energy conversion processes vary with
the nature, type and sources of algal biomass and
end-use."® These technologies can be broadly
divided into two basic conversion systems ther-
mochemical and biochemical conversion. A mul-
titude of factors affect the options for selection
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of conversion technologies, mainly the type and
quantity of biomass feedstock; desired form
of energy; cost-effectiveness and net economys;
end-form of the product.'”” The thermochemical
technologies involve the thermal decomposition
of organic components in biomass to yield fuel
products, and are attainable by various processes
such as thermochemical liquefaction, pyrolysis,
direct combustion and gasification.'”® However
the biochemical processes of conversion of the
crude form to fuels can be categorised into two:
anaerobic digestion and alcohol fermentation.?
Although sustainability of the system depends, to
a large extent, on the algae to biofuel conversion
technology and its efficiency as well as appropri-
ateness for the location and end-use, the subject
is quite vast and deserves a separate review, and
is therefore not discussed in detail. It is however
important to recognize that these technologies
need to function at both decentralized scales
of villages as well as at a higher centralized sys-
tem as planned for large tracts of saline land
cultivation.

Efficient algal harvesting techniques: There
has not been much progress in the downstream
processing of algae especially in the evolution of
adequate cost effective methods in harvesting;
concentrating, (partial) drying and temporary
storage of algae from algae based wastewater cul-
tivation units. To enable sustainable biofuel pro-
duction it is important to have many options for
decentralized algae harvesting in situations such as
the wastewater treatment plant, paddy field algal
cultivation or coastal shelf cultivation of macro-
algae. The harvesting becomes challenging espe-
cially when algal cells are small and densities are
low in open pond type systems. This could be one
of the major reasons for less extensive use of algae
based wastewater treatment and is disadvanta-
geous from pond biomass recovery point of view,
which nevertheless needs to be addressed.'**

The first stage in the harvest of algal mass from
open ponds is enabling flocculation of the cells to
increase their peak growth, measured as cell den-
sities, reaching 10* to 107 cells/ml to an algal cell
concentrate having about 20-100 g dry mass/litre
of algal mass or slurry. Later on this mass could
be concentrated further, e.g. by centrifugation, to
achieve a higher mass that could facilitate easy
drying for lipid extraction. Centrifugation, filtra-
tion and gravity based settling are presently used
for harvesting algal biomass after the flocculation
step.'”” Potash alum has been extensively used in
the final polishing ponds.'” On the other hand,
algal species naturally aggregate at a certain stage of

maturity and often spontaneously and settle to the
pond bottom which can then be harvested easily.*”
Among many other systems these clumps come
up to the surface aiding mechanical algal harvest.
This natural auto-flocculation or bio-flocculation
mechanisms needs to be utilized to enable low
energy algal harvest from wastewater treatment
plants. It is reported that algal bio-flocculation is
triggered in a few species by C limitation or oxy-
gen deprivation and various other environmental
stimuli.’® These need to be adopted in the waste-
water algae production and biofuel production
technology to reduce the energy sacrificed for
algae recovery. Consequent to harvesting the algal
mass is usually concentrated either by centrifugal®
or gravity sedimentation methods that are cur-
rent practises.'” Filtartion processes may also be
employed for algal cell harvest and concentration.
Vaccum pressure filtration aided by use of various
porous media are suitable for the recovery of larger
algae (>70 um) but the process becomes ineffi-
cient for Scenedesmus and Chlorella (5-20 um), i.e.
smaller microalgae.”* This segment of algae pro-
duction needs to be evolved for various types of
algal cultivation discussed earlier in this article.

3.9.7 Sustainability of biofuel generation from
wastewaters through algae: Potential for Ban-
galore: A positive net energy gain is a critical factor
for algal biofuel production even from treating and
managing wastewater of a city. This offsets a part
of the costs of urban wastewater treatment. These
components could make this approach an effec-
tive algal biofuel option while sustainability would
be enhanced by a three-fold approach to sustain-
ability. Firstly, algae based wastewater treatment
without simultaneous production or emissions
of methane would reduece the GHG and C-foot-
print. The commonly practiced wastewater treat-
ment involves the use of a lot of fossil fuel based
power—coal power which will be avoided and
reduces the environmental footprint of the system.
Thirdly, processing of algae would provide a green
fuel that could possibly capture a part of the CO,
emitted elsewhere. In this way there is potential for
triple benefits that could be appropriately packaged
for the C-markets. A number of studies conducted
on life cycle energy assessments of different biofuel
substrates and feed-stocks report positive energy
gain in microalgal systems with poorer perform-
ance compared to other biofuels. Studies reveal
crop-based biofuel having lower energy use, emis-
sions and water use compared to algal biofuels.'*
There is certainly a big gap between the modelled
and actual environmental performance in achiev-
ing the energy targets by algal biofuels mostly due
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to land, water and nutrient requirements added to
costs associated with the downstream processing.
Yet, wastewater processing using algae and algal
biofuels is an interesting challenge in this area.

The city of Bangalore produces nearly a
1200 million liters per day (MLD) of sewage that
could be processed as indicated above to achieve
the triple benefits of algal biofuel production,
GHG emission reductions (and CDM attached to
it) as well water purification for reuse. It has been
reported earlier that due to the mismatch between
the rate of growth of the city and the rate planned
by the city planners, there is a short fall in the capac-
ity of the wastewater treatment plants set up in and
around the city. This wastewater therefore, after
flowing along the stormwater courses, enters many
of the man-made water bodies previously used for
crop irrigation. It has also been reported earlier
that these water bodies now function as wastet-
water treatment plants with low C-footprints.
The urban lakes (manmade waterbodies) in Ban-
galore now become rich in nutrients fed through
domestic sewage and resolve into three zones—
anaerobic, anoxic and algae-dominated oxic zone,
such that when water exits these waterbodies, the
wastewater, sewage, entering these lakes are treated
to near standards needed by the environmental
enforcement agencies. Algae are the dominant spe-
cies that make this functional.””” A similar set of
findings are also observed in earlier studies.* The
wastewater systems provide a year round availabil-
ity of nutrients with a rich natural microflora for a
synergistic growth of algal-bacterial systems with
adequate nutrient load.'"”"” The manmade lagoon
system removes the burden of land area require-
ment for wastewater treatment while it also pro-
vides space and options to grow algae for biofuel
and wastewater treatment.

Considering the case of a model city like
Bangalore, nearly 1200 MLD of wastewater in
generated daily that flows through the under-
ground sewers and storm water drains and finally
reach the cascading system of water bodies in
the city by virtue of slope, gravity and drainage
basins. Studies carried out earlier shows that one
of the catchment, the Bellandur-varthur stream
draws ~500 MLD of sewage into these two large
waterbodies. They also reveal adequate treatment
of wastewater possible by natural micro and mac-
roflora (algal-bacterial systems) with an efficiency
of 50% nutrient removal and 70-90% C-removal.
The average algal cell densities are of the order of
10°-10° cells/ml with biomass productivities of
8-12 g/m?/d. Such systems can be optimised and
made sustainable by careful feed rate manage-
ment and algae recycling. Investigations on the

nutrient loads showed higher influx of nutrients
1..90-120mg/ITOC;75-90mg/ITNand20—40mg/1
of TP, entering the first lake system. The average
annual influx of nutrients amounts to 20,000t
TOC/yr of, 14,600 tTN/yr of and 5,475 tTP/yr.
Such high nutrient levels in these systems has trig-
gered extensive algal proliferation with many a
dominnat algal genera. The biomass generation
potential for 380 ha water body would be ~13,000t
algal biomass/annum. Out of this if only 40% in
harvestable algae is recovered, it then yields ~5000t
algal biomass/yr. Considering an average lipid
content of 20%, a 1000 t of lipid can be extracted
from this water body per annum. This benefit is
over and above methane emission avoidance as
well as fossil fuel energy expenditure.'”

The total generation of wastewater in Bangalore
is ~1200 MLD. For the entire wastewater the net
lipid potential corresponds to 7,200 t/yr. During
the lipid extraction step a huge quantum of dis-
rupted cells and cellular constitutuents are left
behind. This spent algal-biomass generated can
be anaerobically digested that would add to addi-
tional energy security from the spent biomass by
AD. Considering that 50% of the algal harvest
(~18000 tonnes/yr) being anaerobically digested,
would generated 7 Mm® of methane at a modest
biomethanation rate with an energy equivalent of
2.8 GWh. The slurry left after the anaerobic diges-
tion can be used as an excellent nutrient media for
algal cultivation or can be used as rich to fertilis-
ers which would take a step further to stabilise our
agrarian economy. In this complete loop there is no
net generation of waste at the same time there is a
positive net energy gain that indicates sustainabil-
ity (Figure 16). Further investigations on such type
of naturally managed system and its process under-
standing will eventually lead to optimal wastewater
treatment with efficient biofuel production. From
the earlier notes it is evident that the algal biomass
can be transformed to biofuels via a wide range of
technologies. However, lipid extraction from algal
biomass as an oil source for biodiesel is the most
promising option, particularly when cogeneration
of methane from the remaining residual algal bio-
mass becomes possibleand viable.'®!

3.9.8 High algal biomass productivities from
urban wastewater fed lakes and water bodies
(pond scale): Albeit the lower average lipid con-
tent of algae in wastewaters, the enormous and
consistent nutrient supply results in high algal bio-
mass productivity leading to increased lipid yields.
Many studies in wastewater have shown higher
biomass yield'”? mostly in lab and pilot scales
studies that do now provide adequate assurance
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Figure 16: Schematic diagram of a wastewater treatment with biofuel production for Indian cities.

for yields at commercial scale of operation. Ini-
tial studies of wastewater-grown microalgae have
reported very significant biomass yields'>'*>'® and
promises as well as suggests that future work must
demonstrate similar yields on a larger scale and in
open pond conditions. Although exhaustive stud-
ies have been carried out on algae and their growth
rate, most of these studies have been performed
under controlled laboratory conditions and often
in batch mode (in different types of shake flask
or bioreactor systems). However, there are very
few studies of growth and lipid yields under field
conditions for large open pond type systems for
algal mass cultures. The studies performed earlier
need to address long term viability of the algal
species under varying weather and environmental
conditions and ensuer stability of the algal popu-
lations with consistent biofuel yields. There are
also many reports that attempt genetic manipu-
lation of algae' for lipid accumulation, however,
no stable transformation have been achieved for
a sustainable biofuel production till date—these
are often not permitted for this purpose and other
options need to be examined. Many other studies
have proposed alternatives of improving the bio-
mass generation and lipid yield by a process called
photosynthesis and fermentation process for algal
cultivation'® where the studies evaluated the inte-
grated strategy of algal cultivation with an initial
autotrophic growth phase where high biomass is
generated, followed by a heterotrophic fermenta-
tion phase to maximise cell density and lipid accu-
mulation. The results showed increased lipid yield
(70%) of Chlorella protothecoides representing a
higher conversion efficiency of sugar to oil during
photo-fermentative growth. Earlier investigations
show higher cell densities at phototrophic condi-
tions with lower lipid accumulation; however het-
erotrophic algae like Chlorella protothecoides have
higher biomass productivities as well as higher
lipid content/accumulation.'® These studies
would especially lead to improvement in the lipid
productivities of algae that are grown in highly
organic carbon rich wastewaters.

With the current technological advancements
and methods of lipid extraction, algal biofuel gen-
eration might not yet be economically feasible
with inadequate postive energy returns. Coupling
wastewater treatment with biofuel production can
be an attractive option for deriving bio-energy at
low cost, with reducing GHG emissions, nutrients
(fertilisers for algal growth) and cost of freshwater
resources for growing algae yielding biofuel. Sus-
tainable renewable energy can be drawn consist-
ently from the wastewater grown algae as higher
biomass productivities enhances the feasibility
of consistent biofuel generation. Algal biomass
harvest can be optimised to get higher yields by
altering the physico-chemical environments as
CO, addition, species control at every zone, con-
trol of grazers and pathogens and standardizing
the natural bio-flocculation ability of algae to suit
to tropical systems that improves the economic
suitability for the mass culture. The total biofuel
potential of algae, when grown in domestic waste-
waters generated by 1000 urban-centres in India
is ~0.16 Mt/annum considering the lipid fraction
as 20%. This renewable can supplement to the
present fuel needs for transports and can reduce
imports fostering sustainability for the nation.

3.10 Threats to large scale cultivation

As of now, large scale microalgal cultivation
appears to be an environmentally sustainable
option to produce alternative biofuels. Large scale
microalgal cultivation does not compete with
food crops for fertile land as such facilities could
be established on dry and waste lands and coastal
areas and can utilize saline/brackish and wastewa-
ters. Microalgal cultivation also has the potential
to sequester CO,. However, at present the large
scale cultivation of microalgae for biofuel purpose
are not economically competitive and require
detailed R&D efforts. The major threat to micro-
algal approach to biofuel could be from other
competing technologies which may be developed
in future for conversion of renewable resources
and waste materials to biofuel.
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3.11  Future work

A lot of laboratory and pilot studies have shown the
potential and feasibility of algal biofuels under con-
trolled conditions. The obvious future path would
be to adapt and establish cultivation and algal fuel
recovery under typical field conditions, especially
under conditions of flooded paddy, large sea water
cultivation on saline wastelands and mass cultivation
in fishery deficient coastline. This next step is also
expected to raise several sustainability questions and
challenges for which appropriate solutions would
emerge. Some of key areas where research thrust
would be of immense developmental value are

1. Exercise of strain improvement; strain develop-
ment and evolving competitive species mixes
will lead to having a good stock of potential
algae adapted to Indian situations and pos-
sessing high potential for lipid accumulation
(including lipid enhancement options) under
typical Indian conditions.

2. Field testing of the cultures and species mix
under a variety of field conditions and result-
ant adaptation.

3. Simplification and decentralisation of the algal
cultivation technologies starting from inocu-
lum maintenance, technologies to provide star-
tup cultures in villages; standardization of open
pond and paddy plot cultivation technologies.

4. Use of low energy and appropriate technolo-
gies for decentralised

i. Algal harvest with liquid recycling,
ii. Concentrate and process algal biomass for
lipid and biomethane and
iii. Recycle nutrients with low losses.

5. Longrangetestingandevolvingstandards using
algal biofuels (in engines) and byproducts.

6. Control of pest and predators of various algae
under different field situations.

4 Conclusions

Algal biofuels has been considered as a sustainable
and environmentally clean fuel for the future that
is C-neutral. Without an effective policy and con-
trol, large scale algal biofuel production is likely
to impact food security and therefore needs to be
cultivated in areas that do not conflict with food
security. Four types of tracts that can support rea-
sonably high algal productivity without threaten-
ing food security have been short listed as

a. Multi-tier cropping within flooded paddy

b. Hyper saline algae cultivation in inundated
salt flats of western India

¢. Urban domestic wastewater and

d. Fishery deficient coastal areas.

Much of the laboratory scale promise of high
algal lipid yields now needs to be converted to fea-
sible and viable technologies suited to the above
four tracts and field tested, only then various finer
issues of sustainability can be closely monitored.
However, in general it is clear that algal biofuels
will somewhat increase demand for water and
require novel techniques for multiple recycling of
plant nutrients without losses so as to ensure that
using the same pool of available water and plant
nutrients both conventional crop as well as algal
biofuels can be raised and remain sustainable.
A lot more research and technology develop is
required in areas of algal cultivation, harvest and
processing before large-scale substitution of PDF
by algal biofuels can be realized. Waste manage-
ment efforts can be efficiently adapted to algicul-
ture and algal biofuel production to fufill the dual
opbjectives of envinonmentally benign wastewa-
ter processing and C neutral biofuel production.
This requires that multiple goals of biofuel pro-
duction, sustainability and waste management be
synchronized.
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